Abstract: Dark current and avalanche gain M on AlAs 0:56 Sb 0:44 (hereafter referred to as AlAsSb) separate absorption multiplication (SAM) avalanche photodiodes (APDs) were measured at temperatures ranging from 77 K to 300 K. To avoid possible ambiguity in breakdown voltage due to edge breakdown and tunneling current, a phase-sensitive detection method with a tightly focused light spot in the center of the device was employed to measure M accurately. An extrapolation of 1=M to zero was used to deduce the breakdown voltage, from which the temperature coefficient of breakdown voltage C bd was derived. The value of C bd ¼ 8 mV/K, obtained for AlAsSb SAM APDs, is much smaller than that for commercial Si and InGaAs/InP APDs, as well as other SAM APDs in the literature, demonstrating the potential of AlAsSb avalanche regions in improving the thermal stability of APDs.
Introduction
Avalanche multiplication provides the internal gain that can enhance the sensitivity of an APDpreamplifier module. As carriers traverse the high field avalanche region, they gain energy from the electric field but also lose energy via phonon scattering. At high fields if the net energy gained exceeds the impact ionization threshold energy, a hot carrier can trigger a chain of impact ionization events that produces an avalanche of new carriers. However, the phonon scattering rates, which strongly depend on temperature, control the hot carrier population and hence can have a strong influence on the avalanche gain and the breakdown voltage. This has been one of the limitations of APDs since additional control electronics are necessary to maintain the APD performance. For instance, APDs in receiver modules of optical fiber communications require adjustment to their reverse bias to maintain the avalanche gain. In airborne remote sensing differential absorption Light Distance and Ranging (LIDAR) systems for measuring water vapor in the atmosphere, the APD is mounted on thermoelectric cooler so that temperature is maintained [1] . Another important example, in which stability of gain is essential, is a photon counting system using a single photon avalanche photodiode (SPAD). The SPAD is normally biased above its breakdown voltage. A small change in the temperature can result in a change of the breakdown voltage leading to a large change in the breakdown probability. Moreover, in a material with a positive temperature coefficient of breakdown voltage, the breakdown probability decreases while the dark count increases exponentially with temperature [2] . Consequently, in most semiconductors, such as Si and InP, the overall single photon detection quantum efficiency will reduce dramatically with increasing temperature [3] . The temperature dependence of avalanche breakdown has also been exploited in an attempt to prevent photon counting in a Si SPAD [4] . This was done by using an intense light pulse that increases the temperature of the SPAD to increase its breakdown voltage such that it operates in the analog rather than the Geiger mode. Therefore, reducing the temperature dependence of avalanche gain will reduce the influence of temperature fluctuation, on the performance of APDs and SPADs.
The temperature dependence of avalanche gain is usually characterized using the temperature coefficient of breakdown voltage, C bd ¼ V bd =T , where V bd is the fractional change of breakdown voltages and T is the temperature difference. The temperature dependence of breakdown voltage has been reported for a number of semiconductors and C bd has been found to increase with the avalanche region width, w . In addition to simple pin or nip diodes, C bd values for InGaAs/InP SAM APDs ranging from 46 [9] to 150 mV/K [11] have been reported, with the former having w ¼ 0:2 m. Even lower C bd value of 23 mV/K was obtained for an InGaAs/InAlAs APD with w of 0.15 m [9] . It is clear that reducing w is beneficial in reducing C bd . Unfortunately further reduction of C bd through reduction of w is not always practical as the onset of band to band tunneling current will dominate the noise characteristics of the APD. For instance to maintain an optimum sensitivity at a bit rate of 10 Gb/s the lower limits of w are $170 and 150 nm for InP and InAlAs [12] . Therefore, adoption of a new avalanche material is necessary to reduce C bd . As described above, the thin layer of AlAsSb showed the smallest C bd value among the pin and nip diodes compared [10] . An added benefit of incorporating AlAsSb is its very low excess noise corresponding to k $ 0:05 [13] in the local ionization model, where k represents the Beffective[ ionization coefficient ratio. AlAsSb therefore has the potential to provide excess noise performance comparable to Si APDs and good thermal stability. In this paper, we present the first detailed study of the temperature dependence of avalanche gain and breakdown voltage in an InGaAs/AlAsSb SAM APD in the temperature range of 77-300 K.
Device Structure and Experimental Details
We recently reported an excess noise performance corresponding to k $ 0:1 to 0.15, despite an unoptimized doping profile, in an InGaAs/AlAsSb SAM APD with avalanche region thickness $40 nm [14] . In this paper, a slightly different design has been adopted, where the material used for field control layers was changed from InAlAs in reference [14] to AlAsSb, since the field control layer was Dark current-voltage (I-V ) measurements were performed on the APDs at the temperatures of 77, 140, 200, 250, and 300 K using a low temperature Janis ST-500 probe station. A Keithley 236 source-measure-unit was used for measuring the I-V . For avalanche gain measurement, light from a 1520 nm wavelength He-Ne laser, coupled to a multimode fiber, was used to illuminate the APD to achieve pure electron injection as the light can only be absorbed in the InGaAs absorption layer. The measurement was carried out using phase sensitive detection by mechanically chopping the laser beam at the frequency of 180 Hz to unambiguously differentiate the photocurrent from the dark current and background noise. The modulated photocurrent signal was measured using an SR830 lock-in amplifier. Precaution was taken to ensure that light was focused on the center of the device to avoid edge breakdown effects. The gain measurements were also carried out on APDs with d ¼ 50; 100; 200; and 400 m to verify that the light spot size is smaller than the device optical window. In this way light is absorbed in the center of the device and hence the influence of edge breakdown is minimized. The avalanche gain, M, was extracted by normalizing the photocurrent to that at the punch-through voltage. To minimize the influence of edge breakdown, tunneling current and surface leakage current on the deduced C bd , the breakdown voltages were extracted from the extrapolation of 1=M to zero rather than from the I-V data.
Results
On-wafer temperature dependent dark current measurements for InGaAs/AlAsSb APDs were measured at 77 to 300 K, as shown in Fig. 2(a) . At bias voltages below 20 V, the dark current drops by approximately four orders of magnitude as the temperature reduces from 300 to 77 K. Inspection of current densities of APDs with diameters, d of 50, 100, and 200 m at 77 K, as shown in Fig. 2(b) , suggests the presence of surface leakage current in these unpassivated APDs. At biases above 25 V the dark current, which scales with area, rises exponentially with bias and shows much less dependence on temperature, suggesting the presence of tunneling current. An even faster rise in dark current was observed at biases above 32 V, due to the onset of avalanche breakdown, although this is less obvious at higher temperature due to high dark current.
The gain was measured using different optical powers ranging from hundreds of nW to tens of W to confirm its power independence. Upon illumination with the laser a clear increase in the photocurrent was observed. The punch through voltage was estimated to be 7.8 V, based on the sharp increase in the photocurrent as shown in Fig. 2(b) . This value is consistent with our capacitance-voltage measurement, where an obvious drop in capacitance was observed at around 7.8 V.
The avalanche gains of an APD with d ¼ 200 m, at 77 to 300 K, are shown in Fig. 3(a) . It can be seen that the gain decreases with increasing temperature. The breakdown voltages were extracted from the linear extrapolation of reciprocal of avalanche gain versus voltage to the reverse bias axis, as shown in Fig. 3(b) . Within the temperature range the breakdown voltage increases proportionally with temperature as shown in the inset of Fig. 3(a) . The breakdown voltage drops from 33.7 V at 300 K to 31.9 V at 77 K, yielding C bd ¼ 8 mV/K.
Discussion
From the dark I-V measurements no well-defined breakdown is observed in the InGaAs/AlAsSb SAM APDs, which we attributed to high band to band tunneling current. To confirm this we estimated the electric field profile by modeling the measured capacitance-voltage characteristics.
Our modeling of capacitance-voltage characteristics suggests that the doping concentrations in the p þ field control layers, AlAsSb(1) and AlAsSb (2) in Fig. 1 , are 2:6 Â 10 17 and 3 Â 10 17 cm
À3
lower than the intended concentrations of 5:0 Â 10 17 and 1:0 Â 10 18 cm À3 , respectively. Consequently, the electric field in the AlAsSb avalanche region is lower while the electric field in the InGaAs absorption layer is higher than intended. The estimated and intended electric field profiles are shown in Fig. 4 . Using our estimated electric field profile the tunneling current from the InGaAs absorption layer can be modeled using [15] 
where q is the electron charge, m Ã is the effective electron's mass, E is the electric field, A is the device area, h is the Plank's constant, E g is the bandgap, and T is a constant that depends on the detailed shape of the tunneling barrier and was found to be 1.29 to yield good fit to the measured dark current. Since the ionization coefficients for electron and hole are similar [13] in AlAsSb, we assume the tunneling current has the same avalanche gain as the photocurrent. A good agreement between measured and predicted tunneling currents was obtained at 77 K as shown in Fig. 2(a) .
The avalanche gain shows negative temperature dependence as observed in most wide bandgap semiconductors. The increase in gain at low temperature can be explained by the increased ionization coefficients due to reduced phonon scattering [7] which is dependent on the phonon occupation number N ¼ ½expð hw=kT Þ À 1 À 1, where hw is the phonon energy, k is the Boltzmann's constant and T is the absolute temperature. As the temperature rises, the increased phonon population increases the mean number of scattering events, cooling the carriers and reducing carrier ionization probability.
We noted that despite nominally thinner avalanche region of 50 nm in our InGaAs/AlAsSb SAM APD, its C bd of 8 mV/K is much larger than the 0.95 mV/K from a homojunction AlAsSb p-i-n diode with w $ 80 nm. For a given avalanche region width, a SAM APD exhibits a larger breakdown voltage than a p-i-n diode because an additional bias is needed to deplete the field control and absorption layers [9] . If all ionization events are confined within the avalanche region, C bd in a SAM APD can be related to that of a p-i-n diode of the same avalanche region width by [9] C bd ðSAM APDÞ ¼ C bd ðpinÞ Â w depletion =w V/K; (2) where w depletion is the total depletion width of the SAM APD. Qualitatively our larger value of C bd confirms the effect of the absorption layer. However, we are not able to perform a more rigorous analysis of the origin of our apparent larger C bd value because of the following reasons. First, we do not have the C bd value for a pin diode with w ¼ 50 nm to be used in eqn. (2) since the thinnest w is 80 nm in [10] . The electric field profile extracted in Fig. 4 also suggests that some ionization events in the field control layer and absorption layer cannot be ruled out as the estimated fields in these layers are sufficiently high to have some small amount of impact ionizations. Detailed ionization coefficients in AlAsSb, which is a subject of an ongoing work, will be required to carry out a more accurate modeling of C bd . The C bd of a Si APD, of a low temperature coefficient type, from Hamamatsu (S6045) is 400 mV/K, while an even smaller C bd of a Si APD array from SensL (ArraySM-4-30035-CER) is as low as 20 mV/K. For commercially available APDs with InGaAs absorbers, AT10GC from Oclaro has one of the smallest C bd values, ranging from 30 and 61 mV/K, for APDs with breakdown voltages ranging from 20 to 40 V, respectively. The lowest C bd of InGaAs/InP and InGaAs/InAlAs SAM APDs reported in the literature are 46 and 23 mV/K [9] . Clearly our SAM APDs showed significantly lower C bd . The very low C bd in our InGaAs/AlAsSb SAM APD is attributed to the thinner absorption layer than those in reference [9] as well as the use of thin AlAsSb multiplication layer. We believe that the thin AlAsSb multiplication layer exhibits small temperature dependence due to the combined effects of the following mechanisms, the adoption a very thin multiplication region, and possibly large phonon energy in AlAsSb that may lead to less temperature dependent phonon scattering rate, and a dominant alloy scattering which is temperature independent. Temperature dependence of ionization rates and scattering rates are required to enable accurate modeling of C bd and this will be a subject of our future work.
Conclusion
An InGaAs/AlAsSb SAM APD with a narrow nominal avalanche region of 50 nm has been fabricated, measured and characterized in this work. Temperature dependence of dark current and avalanche gain measurements were conducted at the temperatures ranging 77 to 300 K. The breakdown voltages were extracted from the avalanche gain data. The extracted coefficient of breakdown voltage of 8 mV/K in our InGaAs/AlAsSb APD, is significantly lower than Si and InGaAs/ InP APDs. The results demonstrated the potential of using AlAsSb avalanche region to achieve higher avalanche thermal stability over InP and InAlAs.
